Bacillithiol is the major low molecular mass thiol produced by many firmicutes bacteria, including the model organism Bacillus subtilis and pathogens such as Bacillus anthracis and Staphylococcus aureus. We have previously shown that four genes (bshA, bshB1, bshB2 and bshC) are involved in bacillithiol biosynthesis. Here, we report that these four genes are encoded within three, unlinked operons all expressed from canonical s A -dependent promoters as determined by 59RACE (rapid amplification of cDNA ends). The bshA and bshB1 genes are embedded within a seven-gene operon additionally including mgsA, encoding methylglyoxal synthase, and the essential genes cca and birA, encoding tRNA nucleotidyltransferase (CCA transferase) and biotin-protein ligase, respectively. The bshB2 gene is co-transcribed with unknown function genes, while bshC is expressed both as part of a two-gene operon (with the upstream putative pantothenate biosynthesis gene ylbQ) and from its own promoter. All three operons are expressed at a reduced level in an spx null mutant, consistent with a direct role of Spx as a transcriptional activator for these operons, and all three operons are induced by the thiol oxidant diamide. In contrast with other Spx-regulated genes characterized to date, the effects of Spx on basal expression and diamide-stimulated expression appear to be independent of Cys10 in the redox centre of Spx. Consistent with the role of Spx as an activator of bacillithiol biosynthetic genes, cellular levels of bacillithiol are reduced several-fold in an spx null mutant.
INTRODUCTION
Low molecular weight (LMW) thiols play a major role in bacterial growth. Under normal growth conditions, LMW thiols maintain a reducing cytoplasmic environment that protects exposed cysteine residues from oxidation (Chi et al., 2013; Masip et al., 2006) . LMW thiols also serve as cofactors for enzymes such as thiol-dependent peroxidases that help detoxify reactive oxygen species and for thiol Stransferases that function in metabolic transformations and detoxification of xenobiotics (Helmann, 2011; Hong et al., 2005; Jothivasan & Hamilton, 2008; Lee & Helmann, 2006; Newton et al., 2008; Rawat & Av-Gay, 2007) .
Glutathione (GSH) is the most studied LMW thiol (Masip et al., 2006) and is found from bacteria to yeasts to humans (Fahey et al., 1978; Soonsanga et al., 2007 Soonsanga et al., , 2008 . In actinomycetes, GSH is replaced with mycothiol (MSH), an N-acetyl-cysteine derivative of the pseudodisaccharide of glucosamine and myo-inositol (Jothivasan & Hamilton, 2008; Newton et al., 2008) . Neither GSH nor MSH has been detected in firmicutes and until recently coenzyme-A was thought to be the main LMW thiol in these bacteria (Nicely et al., 2007) . Subsequently, a novel LMW thiol was detected in two independent studies (Lee et al., 2007; Nicely et al., 2007) , structurally characterized as the aanomeric glycoside of L-cysteinyl-D-glucosamine with Lmalic acid (Newton et al., 2009) , and named bacillithiol (BSH) (for reviews, see Fahey, 2013; Helmann, 2011; Van Laer et al., 2013) . BSH is found in a wide range of bacteria including many firmicutes (e.g. Bacilli, Staphylococcus aureus) and Deinococcus radiodurans (Newton et al., 2009 . BSH is involved in the resistance to several different stress conditions (Gaballa et al., 2010) including exposure to bleach (hypochlorous acid) which leads to protein bacillithiolation (Chi et al., 2011 (Chi et al., , 2013 . BSH also participates directly in the chemical detoxification of thiolreactive compounds such as monobromobimane and antibiotics such as rifamycin and fosfomycin (Antelmann & Helmann, 2011; Gaballa et al., 2010; Sharma et al., 2011) . CATGACTCGGTCGTGAGCT 59RACE for ypjD ypjD-gsp2 ACAAACCAATACAAATAGCACAT 59RACE for ypjD yojE-GSP1 AGAGCGCAACTCCTGCCAT 59RACE for yojE yojE-GSP2 ACCATATAATACGATGAGCCAA 59RACE for yojE yoyC-GPS1 GTTCGAGCTGTGAATTCACAAT 59RACE for yoyC yoyC-GPS2 TCAATCGCCTCTGCTACCG 59RACE for yoyC ylbQ-gsp1 GCAATCAGCCCTGAATTCCT 59RACE for ylbQ ylbQ-gsp2 CCGGATTCCTTCAGACTGAA 59RACE for ylbQ yllA-Gps1 CGCCAATTCCTCTCTTGCGA 59RACE for bshC yllA-Gps2 GGAAGATAAGTCTTCCAGTCT 59RACE for bshC ypjD-RT-dapB-F GACTGAAGATGATAAAAGCATGGAA rtPCR for ypjD-dapB overlap ypjD-RT-dapB-R ATTTAACAGCTTCCTGCCCCATT rtPCR for ypjD-dapB overlap dapB-RT-mgsA-F CATGAAGATTGATCAGCTTGTGTAT rtPCR for dapB-mgsA overlap dapB-RT-mgsA-R TTGAAGACCTGTCGCCTCATGA rtPCR for dapB-mgsA overlap mgsA-RT-ypjG -F TGCGGAAATTCTTGTGCGCACA rtPCR for mgsA-bshB1 overlap mgsA-RT-ypjG -R GAAGAGAGTTCCGCTTCTGTCA rtPCR for mgsA-bshB1 overlap ypjG-RT-ypjH-F TAAAGAAGCGGGCGTGGAGTAT rtPCR for bshB1-bshA overlap ypjG-RT-ypjH-R AATGCTTGATGTGATGAAATGGATT rtPCR for bshB1-bshA overlap ypjH-RT-cca-F AAGATGAACAGCTAAGCAATCGTT rtPCR for bshA-cca overlap ypjH-RT-cca-R CGTTTCATATAGCTGTCACGAACT rtPCR for bshA-cca overlap cca-RT-birA-F AAATGGGTGTCAGAAGAATTACAGT rtPCR for cca-birA overlap cca-RT-birA-R CAATATGCTTCCACACAGCAGTT rtPCR for cca-birA overlap ypjD-lacZ-locus-F GCGaagctTAGACCGTTACATAGGCCAAT Construction of HB11100 ypjD-lacZ-locus-R CGCggaTCCTCTTCCATGCTTTTATCAT Construction of HB11100 yojG-North-F CTGATATCATGGAAGAGATCAT Northern analysis of bshB2 yojG-North-R GCTCTCTGAGCATGCCTTC Northern analysis of bshB2 ylla-pmutin-F GCGaagcTTCATCATAAGGACATGTGGC Construction of HB11205
A. Gaballa and others BSH biosynthesis (Fig. 1) begins with the coupling of UDP-N-acetylglucosamine (UDP-GlcNAc) and L-malate to produce a-D-glucosaminyl L-malate (GlcNAc-Mal). This step is catalysed by BshA (N-acetyl-a-D-glucosaminyl L-malate synthase), which is a homologue of the Mycobacterium tuberculosis glycosyltransferase MshA (Gaballa et al., 2010; Newton et al., 2003; Parsonage et al., 2010; Upton et al., 2012) . The second step is deacetylation of GlcNAc-Mal to produce GlcN-Mal. The deacetylation can be carried out in B. subtilis by either of two redundant enzymes, BshB1, encoded by the gene upstream from bshA, or BshB2 (Gaballa et al., 2010) . The last step of BSH biosynthesis is achieved by coupling Cys to GlcN-Mal, and requires the product of the bshC gene (Gaballa et al., 2010) . Unlike M. tuberculosis MshC, which is a Cys-ligase related to cysteinyl-tRNA synthetase (Sareen et al., 2002) , BshC is a large protein with no obvious homologues and no identifiable domains. BSH has been synthesized using both chemical and chemoenzymic approaches (Antelmann & Helmann, 2011; Lamers et al., 2012; Sharma et al., 2011) .
The genes required for BSH biosynthesis in B. subtilis are distributed as part of three genomic loci (Gaballa et al., 2010) . Here, we identify the promoters responsible for expression of these genes, characterize the operon organization, and identify the Spx transcription factor as the major regulator of BSH synthesis in response to oxidation of intracellular thiols.
METHODS
Strains and growth conditions. B. subtilis strains included the wildtype strain CU1065 (W168 attSPb trpC2: Bacillus genetic stock centre # 1A100) and derivatives as described below and were grown on LuriaBertani (LB) medium. Unless otherwise indicated, liquid media were inoculated from an overnight pre-culture and incubated at 37 uC with shaking at 200 r.p.m. For selection, antibiotics were added at the following concentrations: erythromycin (1 mg ml
21
) and lincomycin (25 mg ml 21 ) (for selecting for macrolide-lincosoamide-streptogramin B resistance), spectinomycin (100 mg ml 21 ), chloramphenicol (10 mg ml 21 ), kanamycin (15 mg ml
) and neomycin (10 mg ml
).
DNA manipulations. Routine molecular biology procedures were done as described by Sambrook & Russell (2001) . Restriction enzymes, DNA ligase, Klenow fragment and DNA polymerase were used according to the manufacturer's instructions (New England Biolabs). Site-directed mutagenesis was done by PCR and overlap extension as described by Ho et al. (1989) . Construction of mutations in ypjD, ylbQ and bshC was carried out by cloning an internal fragment from each ORF (lacking the promoter) into pMUTIN4 (Vagner et al., 1998) and inserting the plasmid into the locus using Campbell integration, which places downstream genes under the control of the IPTG-inducible P spac promoter. For disruption of ypjD, IPTG was added during transformation and growth to ensure the expression of the essential downstream genes.
Quantitative real-time PCR (qPCR). For qPCR studies, midexponential phase growing cells were treated or not with 1 mM diamide for 10 min and total RNA was isolated using the RNAeasy kit (Qiagen) according to the manufacturer's recommendations. RNA samples were treated twice with a Turbo-DNA free kit (Ambion), precipitated with ethanol, and quantified using a Nanodrop spectrophotometer (Thermo-Fisher). qPCR was done using a SYBR green supermix (Bio-Rad) using primers specific for each gene. The resulting data were normalized to the 23S rRNA levels in the sample. A threshold cycle (C t ) was calculated in each reaction using an arbitrary fluorescence value and the data represented as 1/C t . The data represent the mean of at least three biologically independent experiments.
Determination of transcription start sites using 5 §RACE (rapid amplification of cDNA ends ) PCR. Total RNA was isolated from Table 1 . cont.
Strain/name
Genotype/sequence Source/use (Parsonage et al., 2010) . BshC is required for the final step in which Cys is added to produce BSH (Gaballa et al., 2010) .
the wild-type strain. Two micrograms of total RNA were used as a template for reverse transcription using MultiscribeTM Reverse transcriptase (Taqman, Roche) and a gene-specific primer (GSP1). The resulting cDNA was purified using a gel extraction purification kit (Qiagen) and a 39-poly(dC) tail was added with terminal deoxynucleotidyltransferase (New England Biolabs). The resulting cDNA was amplified by PCR using a poly(dG) primer and a second gene-specific primer (GSP2), complementary to a region upstream of the GSP1 primer. PCR products were separated by gel electrophoresis and sequenced using an Applied Biosystems Automated 3730 DNA Analyser (Cornell University Life Sciences Core Laboratories Center).
Northern blot experiments. B. subtilis wild-type or spx mutant cells were grown in Belitsky minimal medium (Stülke et al., 1993) . RNA isolation and Northern blot analyses were performed as described previously (Wetzstein et al., 1992) . Hybridizations specific for bshB2 were performed with digoxigenin-labelled RNA probes synthesized in vitro using T7 RNA polymerase from a T7 promoter flanking an internal PCR product of the gene.
Disc diffusion assay. Susceptibility to fosfomycin was tested using a disc diffusion assay as described previously (Gaballa et al., 2010) . Briefly, 100 ml of mid-exponential phase LB cultures were mixed with 4 ml of soft LB and poured onto solidified 15 ml LB plates. Different volumes of 50 mg ml 21 fosfomycin (3, 5 and 10 ml) were added to a paper filler disc and placed on top of the agar plate. The plates were incubated at 37 uC overnight and the area of each zone of inhibition was measured. Fosfomycin sensitivity was determined by dividing the area of inhibition for each mutant strain by the corresponding area for the WT strain. Data are the mean of three independent experiments (with three concentrations each).
b-Galactosidase activity measurements. Strains carrying ypjD, bshB2, bshC or trxB-lacZ fusions in the background of either WT, spx or spx amyE : : P spac -spx C10A mutants were grown in LB with 0.3 mM IPTG until an OD 600 of~0.4. Samples (1 ml) were taken before and after treatment with 1 mM diamide. b-Galactosidase activity was assayed in LB medium using a modification of the procedure of Miller (1972) as described previously (Bsat et al., 1998) .
Thiol quantification and the effect of diamide on thiol content.
Strains were grown in two sets of triplicate cultures until midexponential phase. One set was treated with 1 mM diamide and cells were harvested at various times after incubation. Cell pellets were stored at 220 uC until derivatization with monobromobimane and analysed by reverse-phase HPLC as described by Newton et al. (2009) . The data reported represent the 30 min time point, but comparable effects were seen at other times.
RESULTS AND DISCUSSION
bshA and bshB1 are part of a single transcription unit
The enzymes for the first two steps in BSH biosynthesis ( Fig. 1 ) are encoded in a putative operon together with five other genes (Fig. 2a) . The predicted operon begins with the ypjD, dapB and mgsA genes encoding a putative pyrophosphohydrolase with unknown function, a dihydrodipicolinate reductase, and methylglyoxal synthase respectively. These are followed by the bshB1 and bshA genes previously shown to be involved in BSH biosynthesis (Gaballa et al., 2010) . Downstream of bshA are two essential genes, cca and birA, encoding tRNA nucleotidyltransferase and biotinprotein ligase, respectively (Bower et al., 1995; Kobayashi et al., 2003; Raynal et al., 1998) . We used 59RACE to identify a single major transcription start site upstream of ypjD (Fig. 2a) . This transcription start site corresponds with a canonical s A -dependent promoter (Helmann, 1995) . In previous tiling array analyses of mRNA density from cells growing in LB, transcription was noted throughout the predicted ypjD operon, consistent with cotranscription of these seven genes (Rasmussen et al., 2009) . However, these studies would not necessarily detect internal promoters or small gaps between one terminated transcript and a second downstream transcript.
To determine if these seven genes are obligately cotranscribed, we first used reverse-transcriptase PCR to monitor the presence of RNA spanning the regions between the 39-end of each coding sequence and the 59-end of the subsequent coding sequence (Fig. 3b) . Indeed, reverse-transcriptase-PCR analyses demonstrate that RNA spans each adjacent coding sequence.
Although this demonstrates that at least some RNA extends from each gene into the downstream gene, it does not eliminate the possibility of internal promoter sites. To test the hypothesis that the ypjD promoter site is required for the transcription of all seven genes, we took advantage of the fact that the last two genes in the putative operon, cca and birA, are essential for growth. We integrated a pMUTIN4-derived plasmid by Campbell integration into the ypjD gene, which thereby places expression of downstream genes under IPTG control (Vagner et al., 1998) . Growth of the resulting ypjD mutant strain was dependent on IPTG (Fig. 3c ). This indicates that there are no internal promoters downstream of ypjD that are sufficient for expression of the cca and birA genes at the levels needed to support growth, at least under these culture conditions. We conclude that all seven genes in the ypjD operon are largely, if not exclusively, dependent on the ypjD promoter for expression.
The bshB2 gene is expressed primarily from a single promoter
The gene encoding the second deacetylase, bshB2, is localized downstream of two unknown function genes, yoyC and yojF. Upstream of this putative transcription unit is the co-directional yojE gene encoding a membrane protein of unknown function (Fig. 2b) . The intergenic region between yojE and yoyC is 73 bp, which might be sufficient to encompass a promoter.
Using 59RACE analysis, transcription start sites corresponding to canonical s A -dependent promoters were detected upstream of both yojE and yoyC (Fig. 2b) . Northern blot analysis with a bshB2 probe and RNA isolated from diamide-induced cells reveals that the dominant bshB2 transcript (1.7 kb) is mainly derived from the promoter directly upstream of yoyC (Fig. 4a) . Only a small amount of a transcript corresponding in size to initiation from the yojE promoter (2.4 kb) was detected. The overall transcription level, as reported in previous tiling array studies Rasmussen et al., 2009) , is significantly higher for the yoyC-yojF-bshB2 operon than for the upstream yojE gene as monitored in a variety of conditions (Fig. 4b) . We therefore conclude that the bulk of bshB2 transcription originates from the yoyC promoter, with minor readthrough from the upstream yojE gene.
The bshC gene is part of a complex operon
The bshC gene, postulated to encode the Cys-adding enzyme that catalyses the final step in BSH synthesis (Fig.  1) , is directly downstream of ylbQ, encoding a predicted ketopantoate reductase (Fig. 2c) . Previous tiling array analyses Rasmussen et al., 2009) suggest that ylbQ and bshC are co-transcribed (Fig. 5a ). We identified a single s A -class promoter upstream of ylbQ which contains a perfect inverted repeat sequence in between the 210 and 235 elements (Fig. 2c) . This sequence does not correspond to the known binding site of any regulatory protein, and mutations to the right arm of this repeat (from TTACTTCT to AATGAAGA) did not appear to affect promoter activity in LB medium (data not shown).
To explore the possibility of another promoter in the ylbQbshC intergenic region, the ylbQ and bshC genes were independently disrupted by Campbell integration using plasmids derived from pMUTIN4 (Vagner et al., 1998) . Consistent with previous results (Gaballa et al., 2010) , the bshC disruptant was highly sensitive to fosfomycin, indicative of a loss of BSH production. In contrast, the ylbQ : : pMUTIN4 disruptant displayed intermediate A. Gaballa and others sensitivity (Fig. 5b) . Note that fosfomycin resistance provides a semiquantitative measure of in vivo BSH levels since resistance is largely dependent on the BSH-dependent thiol-transferase FosB. Since the K m of FosB for BSH is in the millimolar range (higher than in vivo levels during growth; Roberts et al., 2013) , FosB activity, and therefore fosfomycin resistance, is very sensitive to even small changes in BSH levels (Gaballa et al., 2010; Parsonage et al., 2010) . Since pMUTIN disruptants are generally polar on downstream genes (Fig. 3c) , this is suggestive of another promoter directly upstream of bshC. Indeed, 59RACE studies revealed an RNA species originating from a candidate bshC promoter (Fig. 2c) . Further evidence for the activity of this promoter derives from published tiling array studies as visualized using the online B. subtilis expression data browser (Fig. 5a ), which demonstrate that the bshC signal is higher than ylbQ under several conditions, including oxidative stress .
BSH biosynthesis is induced by thiol stress
LMW thiols play a major role in combating oxidative stress. To determine if transcription of BSH-related genes is induced by depletion of cellular thiols, we used Northern blot analysis to monitor levels of the yoyC-yojF-bshB2 transcript (Fig. 6a) . All three treatments (methylhydroquinone, benzoquinone and diamide) increased the level of the bshB2-containing mRNA by at least twofold.
Spx functions as a master regulator of disulfide (thioldepletion) stress in B. subtilis (Zuber, 2009) . Moreover, recent results indicate that at least two of these three operons associate with Spx in vivo . To determine if the BSH biosynthesis genes are under Spx regulation, we monitored levels of the bshB2-containing transcript in the background of an spx mutant. The basal level of transcription of bshB2 is reduced in cells lacking Spx, and induction by thiol-depletion was no longer observed (Fig. 6a) . These findings were confirmed and extended using qPCR, which demonstrates that all three loci involved in BSH biosynthesis are induced approximately fivefold by diamide, and all three are under Spx control (Fig. 6b ).
Spx has previously been shown to regulate a large regulon including the essential thioredoxin/thioredoxin reductase system encoded by trxA and trxB (Nakano et al., 2003; Nakano et al., 2005) . To compare the global responses of the BSH biosynthesis genes to those encoding the thioredoxin-dependent thiol reduction system, we interrogated a comprehensive tiling array dataset that reports expression in 104 different growth and stress conditions . Data corresponding to bshA, bshB2, bshC, trxA and trxB were normalized relative to the mean expression in all tested conditions to identify those conditions leading to notable up-or downregulation.
Cluster analysis of the resulting data (Fig. 7) revealed similarities between the expression of these five genes, especially under conditions that elicit oxidative stress and thiol depletion. These conditions (cluster B) include diamide treatment, hydrogen peroxide, and exposure to the redox-cycling compound paraquat. This analysis also identified conditions where these five genes were differentially expressed. The thioredoxin system and BshB2 were both induced in response to salt stress, but only the thioredoxin system was upregulated by ethanol stress. These stress conditions are known to induce the s B regulon, which was previously shown to include thioredoxin in B. subtilis (Helmann et al., 2003) . Under several conditions, the bshA-containing operon was regulated in parallel with bshC, but dis-coordinate relative to bshB2 (cluster A and data not shown). These conditions include, for example, 3 and 4 h after the onset of sporulation and growth in minimal media with glucose or fructose . This is consistent with the hypothesis that bshB1, co-transcribed with bshA, plays the major role in BSH biosynthesis. Indeed, a bshB1 null mutation led to a significant (~50 %) reduction in BSH levels, but BSH levels were not reduced in a bshB2 null mutant (Gaballa et al., 2010) . This led to the suggestion that BshB1 alone is sufficient for normal BSH synthesis, and this function is only inefficiently substituted by BshB2. This suggests that perhaps BshB2 may have a primary role as an amidase for the processing of BSH-conjugates, analogous to the Regulation of bacillithiol synthesis by Spx catalytic activity of Mca, the mycothiol S-conjugate amidase (Fuangthong & Helmann, 2002) .
BSH genes are under control of Spx
Spx activity is controlled by a CXXC redox switch and, in its oxidized form, activates transcription of target promoters (Nakano et al., 2005) . To determine if Spx controls the BSH biosynthesis genes, lacZ fusions for the three BSH operons were expressed in the WT, spx null mutant and spx C10A mutant backgrounds. An Spx-dependent trxB-lacZ fusion was used as a positive control. Cells were grown to mid exponential phase and samples were taken before and after treatment with 1 mM diamide. As previously shown (Reyes & Zuber, 2008) , trxB expression is induced by diamide in an Spx-dependent manner (Fig. 8a) . While the Spx C10A mutant was still able to activate trxB to background expression levels (suggesting that this P spacregulated gene was expressed at physiologically relevant levels), it failed to induce trxB expression after diamide . Cluster analysis of bshA, bshB2, bshC, trxA and trxB expression patterns under different growth and stress conditions. Expression levels were all obtained from published datasets and are represented as heat maps representing expression of each gene (columns) versus the 105 conditions surveyed . Red indicates induction and green indicates repression relative to the average gene expression across all conditions. Cluster A presents an enlargement of those conditions known to activate the s B general stress response. Cluster B represents oxidative and thiol stress conditions known to activate the Spx regulon.
A. Gaballa and others treatment (Fig. 8a) . Expression of ypjD, bshB2 and bshC was, like trxB, partially dependent on Spx before diamide induction (Fig. 8) . Moreover, addition of diamide resulted in a modest induction of these genes (Fig. 8) . Interestingly, and unlike trxB (Nakano et al., 2005) , the Spx C10A mutant was able to induce the expression of ypjD, bshB2 and bshC after diamide treatment (Fig. 8) . While it is possible that the remaining Cys residue could still function in redox-sensing (perhaps by S-bacillithiolation), this seems unlikely since the bshC-lacZ fusion studied here is a BSH null strain and responds similarly to the other tested strains (which have normal BSH levels). Further analysis will be required to explore the significance of this observation.
To determine if activation of BSH biosynthetic genes affects the basal and diamide-induced levels of BSH, WT and the spx mutant were grown until mid-exponential phase and cells were treated (or not) with diamide. In corroboration with the fact that all genes involved in BSH biosynthesis were expressed at lower levels in the spx mutant, BSH levels were several-fold lower compared to WT cells (0.10±0.03 and 0.40±0.08 mmol g
21
, respectively). As expected, diamide induction resulted in the rapid depletion of BSH in WT cells (to~0.1 mmol g 21 ). These results indicate that all the BSH biosynthesis genes are under the control of the master regulator Spx, consistent with prior results from ChIP-Seq using tagged Spx protein .
Conclusions
Here, we have mapped the transcription start sites and explored the regulation of all three operons encoding enzymes involved in BSH biosynthesis. Our results suggest that all three operons are activated by Spx in response to oxidizing conditions and thiol-reactive compounds. Spx, an RNA polymerase binding regulator (Zuber, 2004) , is a member of the ArsC family with a conserved CXXC motif that regulates its activity (Nakano et al., 2005) . Spx does not by itself bind to the promoter region, but it forms a complex with the C-terminal domain of the RNA polymerase a-subunit (Nakano et al., 2010) . Recently, using immunoprecipitation of Spx, it was shown that Spx interacts with the promoter region of the ylbQ bshC and the ypyC yojF bshB2 operons . In addition, previous analysis of transcriptional changes upon induction of Spx also revealed an increase in bshB2 levels, consistent with assignment of this gene to the Spx regulon (Nakano et al., 2003) .
It is likely that the overall rate of synthesis of BSH is governed, at least in part, by feedback inhibition by BSH of the first committed step catalysed by BshA (Upton et al., 2012) . A similar mechanism has been shown to regulate GSH synthesis where the first step, catalysed by cglutamycysteine synthase, is inhibited by GSH (Huang et al., 1988; Masip et al., 2006) . When BSH levels are reduced, or the extant BSH pools become oxidized, the cell likely increases BSH synthesis both by release of feedback inhibition and by increased synthesis, mediated by Spx, of the biosynthetic pathway. The induction of BSH biosynthesis genes is analogous to the stress-responsive induction of MSH synthesis in the actinomycetes. MSH production in Streptomyces coelicolor is under the regulation of the general stress sigma factor, s B (Lee et al., 2005 ) and the thiol-oxidative stress responsive sigma factor, s R (Park & Roe, 2008) . In its reduced state, an anti-s R , RsrA, will sequester the sigma factor and prevent its interaction with the RNA polymerase. Under conditions of thiol stress, two cysteine residues in the RsrA will be oxidized, causing the dissociation of the s R , which will induce its regulon including the mshA gene (Park & Roe, 2008) . Moreover, it was shown that MSH is the biological reductant that modulates RsrA activity, suggesting that the RsrA-s R system is a sensor for MSH levels in the cell (Park & Roe, 2008) . Our results suggest that in the Bacilli, Spx functions as the thiol stress sensor analogous to the RsrAs R system to upregulated LMW thiol synthesis.
